Abstract Low levels of hypoxia have been suggested to be a mechanism of retinal damage in glaucoma. To test the hypothesis that the activation of the hypoxia-responsive transcription factor hypoxia inducible factor-1α (HIF-1α) is involved in the pathophysiology of glaucoma, we used a rat model of glaucoma to study (1) HIF-1α retinal protein levels by immunoblot analysis, (2) cellular localization of HIF-1α in the retina by immunohistochemistry, and (3) expression of retinal HIF-1 gene targets by quantitative real-time polymerase chain reaction. Glaucoma was unilaterally induced in rats by injecting hypertonic saline in episcleral veins. We find that HIF-1α protein was increased in the retina following elevation of intraocular pressure, specifically in Müller glia and astrocytes but not in activated microglia. Eight established HIF-1 target genes were measured in experimental glaucoma. Retinal Epo, Flt-1, Hsp-27, Pai-1, and Vegfa mRNA levels were increased and Et-1, Igf2, and Tgfβ3 levels were decreased in the glaucomatous retinas. Thus, the increase in HIF-1α levels in Müller glia and astrocytes is accompanied by a marked up regulation of some, but not all, HIF-1 transcriptional targets. These data support the hypothesis that HIF-1α becomes transcriptionally active in astrocytes and Müller cells but not microglia or neurons in glaucoma, arguing against a global hypoxia stimulus to the retina.
Introduction
Dysregulation of blood flow with subsequent hypoxia has been suggested to contribute to retinal ganglion cell (RGC) death in glaucoma (Harris et al. 2005; Feke and Pasquale 2008) . Stabilization of the transcription factor hypoxia inducible factor-1α (HIF-1α) is known to be an early tissue response to hypoxia and other stresses (Semenza 2000; Bilton and Booker 2003; Dery et al. 2005) , leading to molecular events important in tissue responses including cell protective factors, proliferation, angiogenesis, and glucose metabolism (Semenza 2001; Ke and Costa 2006) . HIF-1α/HIF-1β heterodimers form the active transcription factor HIF-1, whose activity is tightly controlled by HIF-1α availability. Previous immunohistochemical (IHC) studies showed that HIF-1α levels were elevated in human postmortem glaucomatous retinal tissue (Tezel and Wax 2004) and in the retinas of dogs with glaucoma (Savagian et al. 2008) . However, whether hypoxia induces HIF-1α in glaucoma and whether HIF-1α then supports a HIF-1-mediated transcriptional cascade are unknown. Therefore, we investigated retinal HIF-1α levels in a rat model of experimental glaucoma by immunoblotting, identified the specific cell types in which HIF-1α is elevated in glaucoma by immunohistochemistry, and studied the gene expression of eight HIF-1 transcriptional targets by quantitative real-time polymerase chain reaction (qRT-PCR). Our results suggest that HIF-1 mediates a cascade of transcriptional activation, especially in Müller cells and astrocytes. However, the pattern observed in experimental glaucoma does not match that anticipated for global hypoxia, since neither RGC nor microglia show elevated HIF-1α, and the pattern of transcriptional upregulation differs from that expected for hypoxia.
Methods

Animals
Twenty-two male adult Brown Norway retired breeder rats (300-450 g; Charles River Laboratories) were employed for the study. Rats were kept on a 12-h illumination cycle and had ad libitum access to food and water. All animal-related procedures were carried out in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
Backlabeling of RGC
A subgroup of rats (n=4) was anesthetized intraperitoneally with a solution containing 1.5 mg/kg of acepromazine maleate, 7.5 mg/kg of xylazine, and 75 mg/kg of ketamine (all from Webster Veterinary Supply, Sterling, MA). Two microliters of 3% Fluoro-Gold solution in phosphatebuffered saline with 10% dimethyl sulfoxide (Fluorochrome, Denver, CO) was injected 4.8 mm ventral to the skull surface into the superior colliculus bilaterally. At the end of the surgery, the rats were allowed to recover for 7 days.
Induction of Experimental Glaucoma and Measurement of Intraocular Pressure
Baseline intraocular pressures (IOPs) were determined. IOP was then unilaterally elevated in rats by injecting 1.9 M hypertonic saline solution in the episcleral veins as previously described (Morrison et al. 1997) . The contralateral eye served as the control. Following glaucomainducing surgery, IOPs were measured three times a week in conscious rats with a TonoPen XL tonometer (Medtronic Ophthalmics, Jacksonville, FL; Moore et al. 1993) . At each time point, 15 readings were taken for each eye and averaged. To assess IOP exposure, we calculated the area under the pressure-time curve (AUC) beginning with the day of the first saline injection (experimental eye-control eye). This metric reflects both the length and the degree of IOP exposure.
Tissue Preparation
Rats were killed by CO 2 after 5 or 10 days of elevated IOP. For IHC analysis, eyes were fixed with 4% paraformaldehyde, cryoprotected, and sectioned 16-μm thick.
For immunoblot analysis, retinas were immediately isolated and sonicated. After the samples were spun at 21,000 rpm at 4°C for 30 min, the protein content was quantified by spectrophotometry using the Bio-Rad D c Protein Assay (Bio-Rad Laboratories, Hercules, CA).
Immunoblotting
Retinal proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore, MA). Blocked membranes were incubated at 4°C overnight with the following primary antibodies: mouse monoclonal anti-HIF-1α (1.5 µg/ml; R&D Systems), anti-HIF-1α (1:200; Abcam), and anti-α-tubulin (1:100,000; Sigma). The next day, membranes were incubated for 1 h at room temperature with peroxidase-conjugated goat antimouse secondary antibody (1:20,000-1:100,000; Jackson ImmunoResearch) and processed with the ECL Advance Western Blotting Detection Kit (Amersham Biosciences, Piscataway, NJ) and exposed to Kodak BioMax Light Film (Crestream Health, Inc., Rochester, NY).
Densitometry
Exposed films were scanned with the Personal Densitometer SI (Molecular Dynamics). The amount of protein for each band was measured with densitometry using ImageQuant 1.2 (Molecular Dynamics). After the background densitometry was subtracted from densitometry for each band, the reading for each protein was normalized to α-tubulin levels. For each retina pair, the normalized densitometric reading from the glaucomatous retina was divided by the reading from the control retina. Then, the ratios from different pairs of retinas were averaged.
Immunohistochemistry
Following blocking, slides with retinal sections were incubated at 4°C overnight with the mouse HIF-1α primary antibody (4.5 µg/ml; R&D Systems). Double staining was performed for HIF-1α with three cell-type specific markers: antivimentin (1:40,000; Sigma) for Müller cells, antiglial fibrillary acidic protein (GFAP; 1:500; Dako) for astrocytes, and anti-ionized calcium-binding adaptor molecule 1 (IBA1; 0.5 µg/ml; Wako) for activated microglia. The next day, sections were incubated with a secondary antibody for 1 h at room temperature: Alexa Fluor 488-or 594-conjugated goat antimouse (1:500; Invitrogen) and Alexa Fluor 488-or 594-conjugated goat antirabbit (1:250; Invitrogen). Staining was visualized using an Olympus BX51 microscope 1 day after the sections were treated with Prolong Gold antifade reagent. Equal exposure times were used when acquiring images for each antibody in figures comparing expression levels in normal retinas versus glaucomatous retinas.
Primer Design
The Brown Norway rat sequence for the mRNA of interest was obtained from the National Center for Biotechnology Information website. Primers for the cDNA of interest were selected using the Primer 3 software (Table 1 ). Genomic DNA amplification was avoided by choosing primers that span at least an intron in the genomic sequence. Vegfa primers were designed to amplify all of Vegfa mRNA isoforms in the rat.
Quantitative Real-Time PCR Initially, RNA from normal and glaucomatous whole retinas from each rat was reverse transcribed into cDNA using random primers and SuperScript™ II RT (Invitrogen, Carlsbad, CA). Next, qRT-PCR was performed using the iCycler IQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The expression level of each target was calculated based on the standard curve using the ΔCt method (Meijerink et al. 2001) . The target levels in each retina were normalized with the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. Agarose gel electrophoresis and direct sequencing confirmed the identity of the amplicons.
Statistical Analysis
Data were analyzed using the OriginPro 8 software (OriginLab, Northampton, MA). Shapiro-Wilk normality test was initially used to determine whether or not the protein or the mRNA data followed a normal distribution. In normally distributed data, Student's t test was employed to determine the significance of the ratios (glaucomatous/control retina) for a given protein or mRNA. Data are reported as the mean ± standard error of the mean (SEM). For the two samples for which the distribution was not normal, the data were analyzed using a nonparametric one-sample Wilcoxon signed rank test.
Results
Rat IOP History
The peak IOP for animals used for immunoblot analysis was 40±1.9 mmHg (n=6) for animals with 5 days of elevated IOP and 43.1±0.8 mmHg (n=6) for animals with 10 days of elevated IOP. The AUC for these two groups was 111.1±15.1 mmHg-days for 5-day animals and 275.3± 32.2 mmHg-days for 10-day animals. For animals used for IHC, the peak IOP was 43.4±0.82 mmHg (n=4) and the AUC was 138.4±24.4 mmHg-days. For animals used for qRT-PCR, the peak IOP was 44.5±0.57 mmHg (n=6) and the AUC was 302.7±11.5 mmHg-days.
Elevated IOP Leads to an Increase in HIF-1α Protein Levels in the Retina
We initially identified HIF-1α in control and glaucomatous retinas by immunoblotting using a well-characterized HIF-1α antibody (R&D Systems). The observed band corresponded to a single band also seen in the brain at the same size (Fig. 1a, b) . The levels of HIF-1α were significantly increased in glaucomatous retinas compared to controls after 5 days (1.37±0.11-fold, P=0.009, n=6) and 10 days of IOP elevation (1.34±0.13-fold, P=0.021, n=6; Fig. 1c ).
HIF-1α is Expressed in Müller Glia in the Glaucomatous Retina
IHC was employed to determine the retinal cell types accountable for the increase in HIF-1α protein expression in rats with experimental glaucoma. In the initial experiment, IHC was performed in retinal sections of animals that previously had their RGC backlabeled with Fluoro-Gold (Fig. 2) . Figure 2b shows the lack of staining in a negative control stained only with secondary antibody. Figure 2e , h shows the increase in HIF-1α staining in the retinal section Figure 1 Western blotting: HIF-1α levels are increased in the glaucomatous retina compared to controls. a HIF-1α expression after 5 days of elevated IOP (n=6). A band for HIF-1α was detected between 100 and 150 kDa in the control and glaucomatous retinas as well as in the positive control brain. HIF-1α levels were elevated in the glaucomatous retinas compared to controls. b HIF-1α expression after 10 days of elevated IOP (n=6). Similarly, HIF-1α was detected between 100 and 150 kDa in the control and glaucomatous retinas.
HIF-1α expression remained elevated in the glaucomatous retinas compared to controls. c Glaucomatous/control ratios of HIF-1α levels in the retina. HIF-1α levels were significantly increased in the glaucomatous retinas compared to controls (P=0.009 for the 5-day group and P=0.021 for the 10-day group). Fold increase was (mean ± SEM) 1.37±0.11 and 1.34±0.13 after 5 and 10 days of elevated IOP, respectively. Positive control: brain, loading control: α-tubulin Figure 2 HIF-1α staining is not present in RGC. RGC were previously backlabeled with Fluoro-Gold (a, d, and g). Fluoro-Gold images were converted to gray scale to optimize visualization to determine colocalization with HIF-1α. b No nonspecific staining was observed when sections were incubated with secondary antibody alone. Subtle HIF-1α staining was observed in the inner layers of the normal retina (e) and was increased under conditions of high IOP (h). HIF-1α staining (red) did not colocalize with the RGC marker FluoroGold (white) in the normal retina (f) or in the retina under conditions of high IOP (i). Insets are higher magnification views of the RGC indicated by arrows from an animal with high IOP (Fig. 2h) when compared with normal IOP (Fig. 2e) . When the same histologic section was imaged for Fluoro-Gold to identify RGC and HIF-1α, the merged image demonstrates the lack of colocalization of Fluoro-Gold and HIF-1α staining. In normal and glaucomatous retinas, HIF-1α staining was localized to the inner layers of the retina and did not colocalize with the RGC marker Fluoro-Gold in either group (Fig. 2f, i) . Consistent with our immunoblot findings, HIF-1α staining was stronger in the glaucomatous retina compared to the weak staining observed in the normal retina (Fig. 2e, h ). Additional IHC to look for colocalization with glial cell markers (Fig. 3) included the previous staining with the HIF-1α primary antibody (red) followed by staining with an antivimentin antibody (green). In the normal and glaucomatous retina, HIF-1α staining colocalized (yellow) primarily with the Müller glia marker vimentin (Fig. 3f, i) .
HIF-1α is also Expressed in Astrocytes but not in Activated Microglia or Retinal Ganglion Cells
We also investigated whether other glial cell types were positive for HIF-1α in glaucomatous retina (Fig. 4) . To test Figure 3 HIF-1α expression is increased in Müller glia in the glaucomatous retina. Sections were double stained with an anti-HIF-1α antibody (red) followed by staining with an antivimentin antibody (green). a, b No nonspecific staining was observed when sections were incubated with their respective secondary antibodies alone. As shown in the same sections in Fig. 2 , there is subtle HIF-1α staining in the inner layers of the normal retina (d) that increase under conditions of high IOP (g). d Low levels of HIF-1α staining colocalized (yellow) with the Müller glia marker vimentin under conditions of normal IOP. i Elevated HIF-1α expression was observed primarily in Müller glia as the staining colocalized with vimentin (yellow) Figure 4 HIF-1α is also expressed by astrocytes but not by activated microglia in the glaucomatous retina. a-c and j-l There was no nonspecific staining in the negative control sections which were incubated only with the secondary antibodies. d-i To examine whether astrocytes express HIF-1α, retinal sections were double stained with anti-HIF-1α and anti-GFAP primary antibodies. e In the normal retina, expression of the astrocyte marker GFAP was observed in the RGC layer and INL. d-f GFAP expression (green) did not colocalize with HIF-1α (red) staining in the normal retina. h In the glaucomatous retina, increased GFAP expression was present in the RGC layer and INL. g-i GFAP staining colocalized with HIF-1α expression in the glaucomatous retina. m-r To test whether HIF-1α was expressed by activated microglia, retinal sections were double labeled with anti-HIF-1α and anti-IBA1 primary antibodies. n Expression of the activated microglia marker IBA1 (green) was minimal in the normal retina. m-o IBA1 expression did not colocalize with HIF-1α (red) staining. q versus n In the glaucomatous retina, stronger IBA1 staining was observed in the RGC layer and INL compared with the normal retina. p-r IBA1 staining did not colocalize with HIF-1α staining in the glaucomatous retina (see arrowheads and insets) whether astrocytes express HIF-1α, we double stained the retinal sections with anti-HIF-1α (red) and anti-GFAP (green) primary antibodies. Both in the normal and glaucomatous retina, the expression of the astrocyte marker GFAP was observed in the RGC layer and inner nuclear layer (INL) with a stronger staining in the glaucomatous retina (Fig. 4e, h ). Whereas GFAP staining did not colocalize with HIF-1α in normal retina (Fig. 4d-f) , it overlapped with HIF-1α staining in the glaucomatous retina ( Fig. 4g-i) . GFAP is expressed by both astrocytes and Müller glia under pathological conditions (Wakakura and Foulds 1989; Lupien et al. 2004) . The distribution of HIF-1α staining in our sections suggests that HIF-1α is present in both astrocytes and Müller glia in the glaucomatous retina.
To examine whether activated microglia express HIF-1α, retinal sections were double stained for HIF-1α and IBA1. In the normal retina, expression of the activated microglia marker IBA1 was minimal (Fig. 4n) . In the glaucomatous retina, IBA1-positive cells were detected in the RGC layer and INL (Fig. 4q ) and IBA1 staining did not colocalize with HIF-1α staining (Fig. 4p-r , see arrowheads and insets). These results indicate that Müller glia and astrocytes, but not RGC or activated microglia, express HIF-1α in the glaucomatous retina.
Some, but not All, HIF-1 Gene Targets are Upregulated in Experimental Glaucoma
We next used qRT-PCR to examine the expression of known HIF-1 gene targets Epo, Et-1, Flt-1, Hsp27, Igf2, Pai-1, Tgfβ3, and Vegfa and nontarget genes HIF-1α itself and the VEGF receptor Kdr (Table 2) in the retinas of control eyes and in eyes with increased IOP. mRNA levels of Epo, Flt-1, Hsp27, Pai-1, and Vegfa were increased in the glaucomatous retinas (n=6). As expected, the mRNA levels of Hif-1α and Kdr remained unchanged in the retina following IOP elevation. Surprisingly, however, Et-1, Igf2, and Tgfβ3 gene expression were decreased in the glaucomatous retinas.
Discussion
Here, we further examined the observation that HIF-1α immunoreactivity is enhanced in the glaucomatous retina in a canine glaucoma model (Savagian et al. 2008 ) and in human glaucoma (Tezel and Wax 2004) by quantitatively measuring the extent of HIF-1α increase in glaucoma, determining the specific cell types responsible for that increase, and examining whether the expected consequences of activation of the transcriptional factor HIF-1 ensue as a consequence of the change in HIF-1α. We observe a modest (∼1.4-fold) but consistent and statistically significant increase in retinal HIF-1α protein levels after 5 and 10 days of elevated IOP in a rat model of glaucoma. Since this increase is determined over the entire retina, but by immunohistochemistry the cells with elevated HIF-1α appear to be primarily astrocytes and Müller glia, the increase in these specific cell populations is likely substantially greater. Although in our study HIF-1α expression was not detected in RGC, Tezel and Wax (2004) showed that HIF-1α was detected in RGC in glaucomatous human retinas. Notably, that study employed analysis of postmortem retinas from glaucoma patients who had been treated with IOP-lowering agents while alive (Tezel and Wax 2004) . It is possible that the chronicity of disease or IOPlowering treatments led to alterations in protein stabilization that might explain the difference between the two studies.
IHC analysis showed clearly that subpopulations of cells, including primarily astrocytes and Müller glia, but not activated microglia, endothelial cells, or neurons, exhibited an elevation in immunohistochemically detectable HIF-1α, arguing that the increase is due to stabilization of HIF-1α in astrocytes and Müller cells rather than due to global hypoxia which would be expected to impact multiple cell types. Recent advances in understanding the complex relationships that lead to stabilization or degradation of HIF-1a may help explain this observation (Yee Koh et al. 2008) . Under nonstressed conditions, HIF-1α is hydroxylated and acetylated, which leads to its rapid degradation by the proteosome pathway (Ke and Costa 2006; Yee Koh et al. 2008; Brahimi-Horn and Pouyssegur 2009) . Under hypoxic conditions, HIF-1α is phosphorylated by p42/p44 MAP kinases, which stabilizes HIF-1α (Richard et al. 1999; Ke and Costa 2006) . Stabilized HIF-1α translocates to the nucleus and forms the active heterodimeric HIF-1 transcription factor by binding constitutively expressed HIF-1β. HIF-1 then regulates the expression of a wide variety of hypoxia-induced genes (Semenza 2001; Ke and Costa 2006) . Thus, HIF-1α is potentially regulated within individual cell types by a variety of stressors. We examined by qRT-PCR eight genes, Epo, Et-1, Flt-1, Hsp27, Igf2, Pai-1, Tgfβ3, and Vegfa, which are known to be transcriptionally regulated by HIF-1 (Semenza 2001) . Since HIF-1-responsive genes are generally stress response or neuroprotective in nature, several have been previously independently examined in the setting of glaucomatous retinal damage; our current data support and extend these observations, putting them into the context of HIF-1 transcriptional responses. For example, we observe markedly increased retinal Epo expression. Increased retinal EPO protein levels have recently been demonstrated in experimental glaucoma and this increase is seen primarily in Müller cells (Fu et al. 2008) . The VEGF receptor Flt-1 (Vegfr1) is known to be upregulated by HIF-1α (Gerber et al. 1997 ), and we demonstrate that it is also increased in the glaucomatous retina. Hsp27 also is upregulated in the glaucomatous retina. Hsp27 expression has been previously shown to be increased by HIF-1α in the retina under hypoxic stress (Whitlock et al. 2005 ) and in glaucoma (Ahmed et al. 2004) . We and others have demonstrated that retinal HSP27 protein levels are elevated in glaucoma, primarily in Müller cells and astrocytes (Huang et al. 2007; Kalesnykas et al. 2007 ). Both HSP27 and EPO have been shown to be neuronal survival factors (Benn et al. 2002; Grimm et al. 2005; Latchman 2005; Fu et al. 2008 ) and we speculate that their upregulation by HIF-1α is part of an endogenous compensatory response to elevated IOP. Our results also show that Pai-1 levels are strongly upregulated in experimental glaucoma. Previously, elevated PAI-1 levels were found in the aqueous humor of glaucoma patients (Dan et al. 2005 ). Plasminogen activators have been shown to promote excitotoxicity-induced retinal cell apoptosis (Kumada et al. 2005; Mali et al. 2005) and PAI-1 is an endogenous inhibitor of plasminogen activators. Our observation that Pai-1 levels are increased in glaucoma prompts consideration of a neuroprotective role for PAI-1.
Elevated aqueous humor VEGF levels have been shown to be present in glaucoma patients (Hu et al. 2002) , and we show a subtle upregulation in overall Vegfa message levels in the glaucomatous retina. Interestingly, FLT-1 has been proposed to mediate the actions of the anti-angiogenic VEGF-A 165b (Woolard et al. 2004; Glass et al. 2006 ), which we have previously shown to be increased in experimental glaucoma (Ergorul et al. 2008 ). This may help to explain, in part, why no neovascularization of the retina is observed in glaucoma. We also examined a second VEGF receptor, Kdr (Vegfr2), which is not regulated by HIF-1α (Gerber et al. 1997) , and find that retina message is unchanged in experimental glaucoma.
In contrast to the upregulation of several HIF-1-responsive genes after elevation of IOP, we find a surprising downregulation of several transcripts thought to be regulated by HIF-1. For example, our data demonstrate that Et-1 mRNA is downregulated in the glaucomatous retina. ET-1 has been previously shown to be elevated in aqueous humor of primary open-angle glaucoma patients (Tezel et al. 1997) , in aqueous humor of glaucomatous dog eyes (Kallberg et al. 2007) , and in aqueous humor in a rat model of glaucoma (Prasanna et al. 2005) . However, measures of plasma ET-1 levels in glaucoma patients have had inconsistent results (Tezel et al. 1997; Emre et al. 2005) . ET-1 is a vasoconstrictor and abnormal vascular responses related with it have been previously shown in patients with glaucoma (Kaiser et al. 1995; Nicolela et al. 2003) . It has been suggested that an imbalance between the levels of vasoconstrictors and vasodilators may lead to vascular dysregulation (Nicolela 2008) . Therefore, our finding that Et-1 mRNA is downregulated in the glaucomatous retina may either be a contributory or a compensatory factor to vascular dysregulation observed in glaucoma.
Igf2 and Tgfβ3, genes whose expression is thought to be HIF-1α responsive in some systems (Feldser et al. 1999; Caniggia et al. 2000) , are also nonetheless downregulated in the retina in experimental glaucoma. An Igf-2 gene polymorphism has been previously shown to be associated with primary open-angle glaucoma (Tsai et al. 2003) . TGFβ3 levels were found to be elevated in the aqueous humor of pseudoexfoliation patients (Yoneda et al. 2007 ). The roles of these factors in glaucoma are unclear and clarification will require additional studies.
Two other HIF-1α target genes have been previously examined by other investigators in the glaucomatous retina. Retinal ceruloplasmin message levels are increased in several models (Miyahara et al. 2003; Farkas et al. 2004; Stasi et al. 2007) , and the increase in protein levels was seen to be primarily in Müller cells in humans and mice with glaucoma. Retinal transferrin message is also increased in glaucoma (Farkas et al. 2004) . These data reinforce our observations that HIF-1α is elevated primarily in astrocytes and Müller cells and that many HIF-1-responsive genes are upregulated across multiple glaucoma models.
Taken together, seven of 10 known HIF-1α targets that have been examined using quantitative techniques increase their expression and three of 10 targets decrease their expression in experimental glaucoma. Although oxygenresponsive changes include upregulation of all of these factors (Damert et al. 1997; Gerber et al. 1997; Hu et al. 1998; Caniggia et al. 2000; Kietzmann et al. 2003; Whitlock et al. 2005; Mazurek et al. 2006; Stockmann and Fandrey 2006; Peyssonnaux et al. 2008) , it is clear that HIF-1α is also activated by nonhypoxic conditions (Yee Koh et al. 2008) , and it seems likely that the regulation of individual target genes may vary based upon the stress leading to elevation of HIF-1. Thus, in glaucoma, HIF-1 activation may not necessarily be a specific indicator of hypoxia. Although hypoxia is a major driver of HIF-1α activation, recent evidence indicates that HIF-1α can also be induced under normoxic conditions in other systems by receptor-mediated signals (Bilton and Booker 2003; Dery et al. 2005; Yee Koh et al. 2008) .
Whether activated by hypoxia and/or receptor-mediated signals, HIF-1α levels increase and several HIF-1 transcriptional targets are upregulated in the glaucomatous retina in this study. Our data suggest fine-tuning of molecular responses of the HIF-1 transcriptional cascade predominantly in Müller cells and astrocytes, under conditions of elevated IOP, and may reflect cell-specific or tissue-specific HIF-1 transcriptional activity. These support the idea that HIF-1 activation and its downstream consequences play a role in glaucoma pathophysiology.
